Introduction
There is increasing interest to evaluate the regional impacts of climate change and to understand how these may vary for different levels of global warming (Hulme 2016) . The 2016 Paris agreement posed the ambitious goal of limiting global warming at 1.58C above preindustrial levels, 0.58C less than previous mitigation targets. However, determining the climate impacts avoided from this additional 0.58C of global warming remains challenging. While the future response in some impact-relevant thermodynamic aspects of climate might be directly linked to global warming targets (Seneviratne et al. 2016) , future changes in regional hydroclimates and storminess are strongly driven by the atmospheric circulation whose response to climate change remains substantially uncertain (Woollings 2010; Shepherd 2014) . It is thus necessary to understand, characterize, and communicate this uncertainty to end users in order to fully evaluate the potential impacts of climate change and inform the definition of climate mitigation policies.
Future projections from multimodel ensembles of climate models, such as the Coupled Model Intercomparison Project (CMIP), are used to explore the uncertainty in the response of the climate system to greenhouse gas and aerosol forcing. These projections reveal that individual climate models can show a pattern of atmospheric circulation change that is qualitatively different from the multimodel mean projection (see . However, the multimodel mean cannot be interpreted as the best estimate climate change response, as climate models have shared biases in the representation of Earth's climate and this implies that multimodel ensembles cannot be interpreted in a probabilistic sense (Knutti et al. 2010 (Knutti et al. , 2013 ). Multimodel projections could potentially be refined by identifying how the uncertainty in the future response depends on model biases, but this has only been successfully applied to reduce uncertainty in a few regional climate aspects (Hall and Qu 2006; Bracegirdle and Stephenson 2013; Simpson et al. 2016) .
Recognizing the importance of accounting for model diversity in the assessment of regional climate impacts, different international programs have been promoted to apply the same regional climate models and impact models to the output of different CMIP5 GCMs (Giorgi et al. 2009; Warszawski et al. 2014) . However, the matrix of possible combinations among the various GCMs, RCMs, and impact models is so large that only some of the combinations are actually explored (Kendon et al. 2010 ). This further complicates any probabilistic interpretation of the resulting regional impacts, and it poses the question of how to select driving GCMs that are representative of the full range of possible responses (Pierce et al. 2009; McSweeney et al. 2015; McSweeney and Jones 2016) .
These limitations in interpreting multimodel ensembles and the large uncertainty in the atmospheric circulation response have motivated some climate services to present climate projections using an alternative storyline-based approach. In the storyline approach, regional impacts are conditioned on the occurrence of particular weather events or on a range of plausible scenarios of atmospheric circulation change (Hazeleger et al. 2015; Meredith et al. 2015; Shepherd 2016a) . A pioneering example of the latter is found in the KNMI'14 assessment of climate change impacts in the Netherlands (van den Hurk et al. 2014a ). Storylines of higher or lower regional precipitation change, which are shown to depend on the regional atmospheric circulation response, are generated by bootstrapping one model's internal climate variability (Lenderink et al. 2014; van den Hurk et al. 2014b) . Two additional storylines are also generated to characterize scenarios of higher or lower regional warming. While these storylines do not represent any specific CMIP5 model simulation, they tend to capture most of the spread in the CMIP5 regional precipitation and temperature projections, thus greatly simplifying the interpretation of the multimodel ensemble. This paper aims to advance the use of storylines in regional climate impact assessment by proposing a novel approach that is self-consistent, informative for users, and physically based on the role of teleconnections in setting circulation anomalies at the regional scale.
In the midlatitudes, atmospheric-related climate impacts are strongly influenced by the behavior of jet streams and storm tracks (Della-Marta and Pinto 2009). Experience from seasonal prediction suggests that regional jet stream anomalies generally arise as part of teleconnections linked to anomalies in other regions. For the Northern Hemisphere (NH) wintertime, three main sources of seasonal predictability are the state of the tropical sea surface temperature (SST), the Arctic sea ice, and the stratosphere (Scaife et al. 2014) . All these aspects of climate are also characterized by large uncertainty in the CMIP5 future projections (Stroeve et al. 2012; Ma and Xie 2013; Chadwick et al. 2013), and Manzini et al. (2014) showed that they are associated with, and potentially drive, part of the uncertainty in the atmospheric circulation response to climate change in the Northern Hemisphere extratropics. In particular, the warming of tropical SST induces an upper-tropospheric tropical amplification of global warming via changes in the moist adiabatic lapse rate, while sea ice lost contributes to a polar amplification of global warming, thus affecting the meridional atmospheric temperature gradients on which storm tracks grow (Butler et al. 2010; Harvey et al. 2014) . We thus hypothesize that while, as in pattern scaling (Mitchell 2003; Tebaldi and Arblaster 2014) , global warming sets the overall amplitude of the climate change response, different patterns in the atmospheric circulation response can result from the competing effects of these three remote drivers of midlatitude circulation change: tropical and polar amplification of global warming and changes in the stratospheric vortex strength. A novel regression framework incorporating these hypotheses has been developed and applied to generate a plausible range of storylines starting from the CMIP5 models' future projections. The framework is general, and each storyline describes the best estimate response conditional on the response of the remote drivers. In this way, the question shifts from asking whether a specific model is believable to asking what storyline of circulation change is most likely to happen. In contrast to the previous approaches, the proposed storylines are global and are physically anchored on the impact that remote drivers and global teleconnections have on the regional climate. Nonetheless, these global storylines can be tailored to inform specific impact-related climate aspects. In particular, we will here describe storylines characterizing a range of plausible scenarios for two impact-related aspects of European climate: cold-season Mediterranean precipitation and central European windiness.
Methods
a. CMIP5 models and data 32 CMIP5 models (see Table 1 ) have been analyzed in this work. These are the models for which the needed data were available apart from FGOALS-g2 and FIO-ESM, which have been excluded as outlying. FGOALS-g2 has a much larger bias in the position of the North Atlantic jet and storm track than any other CMIP5 model (Zappa et al. 2013) , and this could directly affect its regional circulation response. FIO-ESM is the only model with no polar amplification of global warming, which is possibly due to a severe reduction in the strength of the Atlantic meridional overturning circulation (Collins et al. 2013) . However, the identified storylines of atmospheric circulation change are not qualitatively affected by the inclusion of these models. The model data have been interpolated to a common T42 spatial grid using conservative remapping for precipitation and bilinear interpolation for all the other variables.
The end-of-century climate change response is defined as the 2070-2100 30-yr mean climate in the RCP8.5 emissions scenario minus the 1960-90 climate in the historical simulations (Taylor et al. 2012) Unlike Manzini et al. (2014) , the indices are evaluated for the cold season (NDJFMA) rather than for the meteorological winter season (DJF), and some indices are evaluated at a slightly different vertical level (250 vs 150 hPa for the tropical amplification and 20 vs 10 hPa for the vortex response). Most importantly, as mentioned above, the three indices are all scaled by the annual-mean near-surface atmospheric global warming (DT ), which is not done in Manzini et al. (2014) . All spatial averages have been area weighted. The unscaled response of the remote drivers to climate change is summarized in Figs. 2a and 2b . The CMIP5 climate models show amplified warming in the tropical upper troposphere and in the Arctic, but with uncertain amplification rate, while the stratospheric vortex can either weaken or strengthen. This latter result is similar to what is found in Manzini et al. (2014) , where 66% of the models show a weakening of the stratospheric vortex in DJF.
c. Regression framework
By adopting the pattern scaling assumption, the endof-century climate change response (DC xm ) in a field C at location x, in model m is written as
where DT m is the global warming index and P xm is the pattern in the climate response. The pattern of the climate response P xm is then expressed as a linear combination of the response of the three remote drivers scaled by global warming:
where the vertical dash 0 indicates the standardized anomaly relative to the multimodel mean. Also, a x gives the mean expected response for no anomaly in the response of the drivers relative to the multimodel mean, while b x , c x , and d x give the sensitivity of the regional response to anomalies in the remote driver responses; e xm represents residual variations not captured by the linear expansion. Equation (1) can be then divided by DT m to obtain
The estimates of the coefficients (denoted asâ x ,b x ,ĉ x , andd x ) are determined by fitting the framework to the CMIP5 model output using ordinary multiple linear regression. The approach assumes that the residuals e xm are independent and identically distributed, but this is unlikely to be the case when analyzing models from the CMIP5 archive (Knutti et al. 2013) . This caveat will be taken into consideration when discussing the results in section 3. The presence of any influence from outlying models is further tested in the online supplemental material. The key novelty of the framework is that both the atmospheric circulation and the remote driver responses are scaled by the global warming projected by each model. This is important, as it allows us to separate the uncertainty due to global warming from the uncertainty in the pattern of the atmospheric circulation response, and it is justified, as global warming is the ultimate source of climate change. Indeed, scaling by global warming is needed to have uncorrelated tropical and polar warming responses across the CMIP5 model projections (see Table 2 ). We can thus assume that the responses of the different drivers tend to be affected by independent sources of uncertainty.
Equation (3) implies that different atmospheric circulation patterns can be found depending on the response of the remote drivers. This is used to define a range of plausible storylines, where each storyline is determined by the anomaly, or combination of anomalies, in the remote driver responses (e.g., a stronger than average tropical amplification with a weakening of the stratospheric vortex). The validity of the underlying linearity assumption has been verified and it is discussed in the supplemental material. Furthermore, we have also verified the robustness of the results to the presence of outlying data, and verified that the identified signals are not affected by overfitting or dominated by associations arising within the internal climate variability (see the supplemental material).
Atmospheric circulation sensitivity to the remote drivers
Using the regression framework we first characterize the dependence of the regional atmospheric circulation on the response of the remote drivers. As a simple measure of atmospheric circulation, we examine the zonal component of the time-mean wind at 850 hPa (U850), which is informative of the jet stream position and, indirectly, of the storm-track activity (Woollings et al. 2012) . The CMIP5 multimodel mean projection in the NH cold season indicates a poleward shift of the jet entrance in the North Pacific, an easterly response in North Africa, and a westerly response in central Europe (Fig. 1a) . This implies an anticyclonic circulation response in the Mediterranean region, where precipitation is consistently projected to decrease (Seager et al. 2014; Zappa et al. 2015b) .
The regression framework identifies strikingly different atmospheric circulation sensitivities to the remote driver responses (Fig. 3) . First, the uncertainty in the amplitude of polar amplification is related to U850 wind anomalies at high latitudes, particularly in Europe and Asia (Fig. 3a) . While there is as yet no consensus on the atmospheric circulation response to polar amplification (Vihma 2014; Shepherd 2016b) , the identified weakening of the westerlies over parts of Siberia and Europe is very similar to what was found in recent numerical experiments where only the Arctic sea ice extent is (a) global near-surface warming (global warming, DT), 250-hPa warming over 308S-308N (tropical warming, DT trop ), 850-hPa warming over 608-908N (polar warming, DT polar ) and (b) 20-hPa zonal wind change over 708-808N (stratospheric vortex change, DU strat ). Global warming (DT) is evaluated for the annual mean, while the other quantities are evaluated for the cold season. The box plots show the multimodel median (red line), the interquartile range (box), and the full spread (whiskers).
reduced (Sun et al. 2015; Deser et al. 2016 ). Second, a higher tropical amplification tends to enhance the poleward shift of the North Pacific jet (Fig. 3b) , which is a typical behavior in response to tropical warming (Butler et al. 2010) . The response to tropical amplification in the North Atlantic sector is instead characterized by a tripolar pattern with an easterly response in North Africa and the Greenland Sea, and a westerly response in the midlatitudes. A climate model experiment where tropical amplification is controlled by increasing the tropical SSTs shows anticyclonic circulation and reduced precipitation in the Mediterranean region (see Figs. 8 and 9 in Hoerling et al. 2012) , which is qualitatively consistent with an easterly wind response in North Africa and a westerly response in central Europe. Finally, the uncertainty in the response of the stratospheric vortex is almost exclusively linked to the North Atlantic region (Fig. 3c) . In particular, a strengthened stratospheric vortex is associated with a zonal wind anomaly that closely resembles the positive phase of the North Atlantic Oscillation (see Fig. 4c in Ambaum et al. 2001) . This is also the tropospheric circulation pattern that follows anomalies in the strength of the stratospheric vortex in the intraseasonal variability (Hitchcock and Simpson 2014) . The identified zonal wind patterns are also broadly consistent with the surface pressure signals presented in Fig. 5 of Manzini et al. (2014) , where the sign of the stratospheric response is reversed compared to here.
Caution is needed when interpreting correlations across features of multimodel ensembles as, because of the presence of shared model code and biases, climate models are not really independent (Knutti et al. 2013 ). Correlation does not prove causality and spurious correlations can arise when model dependence is not taken into account (Caldwell et al. 2014) . Nonetheless, we find that the statistical relationships identified by the regression framework are qualitatively consistent with separate experimental and observational evidence of how these components of the climate system interact, which gives credence to interpreting them in a physical way.
Locally, up to 50%-60% of the variance in the multimodel spread of the U850 response can be related to the combined effect of the remote drivers and global warming (see Fig. 4 ). The amount of explained variance reflects the expectation that several other factors, not included as predictor variables in the regression framework, are also likely to influence the regional atmospheric circulation change (e.g., circulation biases, local SST or sea ice anomalies, internal climate variability).
Storylines to assess Mediterranean precipitation change
We now combine the mean U850 response projected by the CMIP5 models (Fig. 1a) with the above sensitivities to the remote drivers (Figs. 3a-c) to generate a range of plausible storylines of circulation change. The storylines inform the expected circulation response per degree of global warming conditional on the response of the remote drivers and they can be tailored to target specific impact-related aspects of climate.
As a first example, we focus on storylines to interpret the cold season Mediterranean precipitation change, whose projected decline can potentially have large socioeconomic impacts (Kelley et al. 2015) . Mediterranean precipitation strongly depends on U850 wind anomalies in North Africa (Zappa et al. 2015b ), which we find to be mainly linked to uncertainties in tropical amplification and in the stratospheric vortex response (Fig. 3) . This is confirmed by directly fitting the regression framework to the CMIP5 precipitation projections (Figs. 5a-c) , with the only exception that polar amplification tends to be also associated with precipitation in eastern Turkey.
Four storylines of Euro-Atlantic circulation for Mediterranean impact assessment have been thus created, with each storyline being characterized by a combination of strong or weak tropical amplification and stratospheric vortex responses compared to the multimodel mean. The anomalies in the two driver responses are selected to have equal standardized amplitudes and, to generate plausible but extreme storylines, they are chosen to lie on the 80% confidence region of the joint distribution (see red dots in Fig. 6 ). From Eq. (3), the scaled climate responses associated with these four storylines are thus evaluated as DC x DT 5â x 6ĉ x t 6d x t, and (4)
where x 2 ( p; k) is the quantile function of the chi-squared distribution with k degrees of freedom evaluated at probability p.
The estimated U850 responses in the four storylines are presented in Fig. 7 ) is associated with a poleward shift of the North Atlantic jet, a strengthening of the westerlies in central Europe, and an easterly wind response in North Africa (Fig. 7b) . In contrast, the expected U850 response for a model in the opposite storyline (Fig. 7d) coefficient) of the CMIP5 intermodel spread in the cold season U850 response that can be related to the remote drivers and global warming uncertainty using the regression framework. Fig. 3 , but for the sensitivity of the European precipitation response associated with the uncertainty in the remote driver responses.
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Atlantic are both possible for different combinations of the tropical amplification and stratospheric vortex responses (Figs. 7a,e) . In other words, the slight poleward shift of the North Atlantic jet found in the multimodel mean (Fig. 7c) hides a range of possible behaviors that can be linked to the response of the remote drivers. The identified circulation responses have different implications for Mediterranean precipitation (Fig. 8) . The two storylines that include a stronger stratospheric vortex have a larger than average precipitation reduction over Iberia (Figs. 8a,b) , which is linked to the tendency of the North Atlantic jet to shift poleward in these storylines (Figs. 7a,b) . In contrast, the two storylines that include a high tropical amplification have a larger than average precipitation reduction in the eastern Mediterranean (Figs. 8b,e) , which is linked to a more localized anticyclonic circulation centered on the Mediterranean region. This also highlights how the precipitation reduction in the eastern and western Mediterranean regions could potentially have very different amplitudes (cf. Figs. 8a and 8e) , something that cannot be inferred by solely inspecting the multimodel mean (Fig. 8c) . Overall, each storyline describes a different Mediterranean regional impact scenario due to precipitation change. Higher impacts are expected in the high tropical amplificationstrong vortex storyline, where the precipitation change is about twice as large as in the multimodel mean (Fig. 8c) , while lower impacts are expected in the low tropical amplification-weak vortex storyline.
Global warming targets and Mediterranean precipitation change
Global warming depends on the amount of emitted CO 2 and constitutes an additional source of uncertainty on the circulation change and on its subsequent regional impacts. Using the regression framework we can evaluate the role of global warming, which is included as a multiplicative factor, and compare it to the storyline uncertainty. Starting from Eq. (4), the regional climate response is thus written as
where t s is a storyline index that represents the standardized anomaly in both the tropical amplification and the stratospheric responses. The low-impact (low tropical amplification-weak vortex) storyline is obtained for t s 5 21.26, while the high-impact (high tropical amplification-strong vortex) storyline is obtained for t s 5 1.26. Figure 9a presents the expected area-averaged Mediterranean precipitation reduction as a function of global warming DT and of the storyline index t s . The figure highlights how the allowable global warming to avoid exceeding any given threshold in Mediterranean precipitation reduction can strongly depend on the storyline of climate change. For instance, we can consider a threshold related to the time of emergence of the precipitation response (0.08 mm day
21
; light blue line), which indicates the first time when the amplitude of the forced response becomes larger than the trends induced by internal climate variability (Zappa et al. 2015a) . For this threshold, the multimodel mean shows an allowable global warming of about 1.3 K relative to the 1960-90 climate. However, less than 1 K is allowed according to the high-impact storyline, while more than 3 K could be allowed in the low-impact storyline. Another important threshold (;0.19 mm day 21 ; dark blue line) corresponds to one standard deviation in the interannual variability of Mediterranean precipitation (Hawkins and Sutton 2012) , that is, a fairly large change that is likely to require adaptation measures. The allowable CO 2 emissions and global warming to avoid passing this higher threshold also strongly depend on the storyline of climate change.
To assess the robustness of these findings, we identify the individual climate models that tend to follow the higher-and lower-impact storylines. In particular, models are grouped within each storyline based on their remote driver responses provided that the combined standardized anomaly in the driver responses is greater than 0.5:
In other words, the models within each storyline are those delimited by the four quadrants of Fig. 6 with the exclusion of those in the inner ellipse. Figure 9b shows that none of the models in the lowimpact storyline (orange lines and shading) have an areaaveraged Mediterranean precipitation reduction larger than the time of emergence threshold (;0.08 mm day 21 ) before reaching 1.5 K of global warming relative to the 1960-90 mean. In contrast, all the models that tend to have a strengthening of the vortex and a relatively high tropical amplification (high-impact storyline; blue lines and shading) have already reached this threshold before 1.5 K of global warming. Understanding whether the real world might evolve toward the lower-or higher-impact storyline is a necessary step to evaluate the implications of different global warming targets for Mediterranean precipitation change.
Storylines to assess central European windiness change
As a second example, we examine the projected changes in windiness in central Europe. Central Europe is already highly vulnerable to windstorm damage from North Atlantic extratropical cyclones (Schwierz et al. 2010; Swiss Re 2010) and therefore susceptible to future changes in the North Atlantic storm-track behavior. Future projections of the North Atlantic storm track are characterized by low confidence but suggest a slight tendency toward an increase in the number of extratropical cyclones over the United Kingdom (Collins et al. 2013; Feser et al. 2015) . We here quantify windiness as the 95th percentile of the daily mean wind speed at 850 hPa (Wind95x). Only a subset of 26 models provide the data to evaluate this diagnostic (see Table 1 ). Of the three considered remote drivers, only the stratospheric vortex strength is significantly associated with the future response in central European windiness (see Figs. 10a-c) . As previously shown, the stratospheric uncertainty is associated with the uncertainty in the NAO-like response of the jet in the North Atlantic region, and central European wind storms are known to strongly respond to this type of circulation anomaly ).
Only two storylines, depending on the stratospheric response, have thus been considered. For consistency, these storylines have also been selected to lie in the same 80% confidence region used for the Mediterranean precipitation analyses (see blue dots in Fig. 6 ). The regional climate responses can be evaluated as
t 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi x 2 (0:8; 2) p ; 1:8.
The Euro-Atlantic wind95x response in these two storylines is presented in Figs. 11a and 11c , while the multimodel mean response is presented in Fig. 11b . Consistent with previous studies, a slight increase in central European windiness is found in the multimodel mean projection (Fig. 11b) Seneviratne et al. (2016) . The small panel on the right indicates the 95% confidence intervals on the best-estimate response according to the regression framework in the high-impact (blue) and low-impact (orange) storylines for a 3-K global warming. Fig. 5 , but for the sensitivity of the Euro-Atlantic windiness response associated with the uncertainty in the remote driver responses. Windiness is measured as the 95th percentile of the daily mean wind speed at 850 hPa (wind95x). Gray contours mark the 20 (outermost), 22, and 24 m s 21 (innermost) wind95x values in the multimodel mean of the historical simulations.
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respectively (Fig. 12a) . In contrast, extreme global warming levels (.4 K) are required to reach both thresholds according to the multimodel mean. In the weak-vortex storyline an increase in central European windiness seems instead unlikely to happen. These results are confirmed by grouping individual models according to their stratospheric vortex response. In particular, consistent with Eq. (7), models are grouped depending on whether the standardized anomaly in the scaled vortex response (DU strat /DT ) is greater than 0.5 or smaller than 20.5. Figure 12b shows that none of the models following the weak-vortex storyline project an increase in central European windiness with global warming. In contrast, most of the models in the strong-vortex storyline show increased windiness over central Europe.
Discussion

a. Emission scenarios and the pattern scaling assumption
All these results are based on the pattern scaling assumption that, in each model, the amplitude of the climate response exclusively depends on the global warming signal and is not affected by the rate or duration of the CO 2 emissions. To test this, Figs. 9b and 12b present the multimodel mean decadal precipitation and windiness responses under both the RCP4.5 and RCP8.5 scenarios. The dependency on the emission scenario is generally very small, except for Mediterranean precipitation in the last decades (2070-2100) of the RCP4.5 scenario (Fig. 9b) . This is explained by the stabilization of CO 2 concentrations at about 540 ppm in RCP4.5 ( Thomson et al. 2011) , which is absent in RCP8.5. Because of slow adjustments in the ocean, the stabilization can lead to changes in the pattern of the atmospheric circulation response (Mitchell 2003; Tebaldi and Arblaster 2014) , and stabilized simulations should be used for any analysis of equilibrium climate impacts. Nonetheless, the impact of climate stabilization is small compared to the spread between the higher-impact and lower-impact storylines (Fig. 9b) , which justifies the use of pattern scaling to interpret the uncertainty in the atmospheric circulation response.
b. 1.58 versus 2.08C global warming
Figures 9a and 12a can be used to compare the transient climate response at 1.58 versus 2.08C global warming on preindustrial levels against the uncertainty due to different plausible storylines of circulation change. After accounting for 0.38C global warming from preindustrial to the 1960-90 mean employed here (Hartmann et al. 2013) , we find that the change in Mediterranean precipitation in the multimodel mean from 1.58 to 28C warming is 20.031 6 0.005 mm day 21 , while the difference between the highand low-impact storylines at 1.58C warming is estimated as 0.09 6 0.04 mm day
21
. For the central European windiness, the impact from the additional 0.58C of warming in the multimodel mean is 0.05 6 0.03 m s
, while the difference between the two storylines is 0.4 6 0.2 m s
. In both cases, the storyline uncertainty is several times larger than the estimated impact from the additional 0.58C of warming from 1.58 to 28C using the multimodel mean.
c. Cross validation
The Pearson correlation coefficient between the areaaveraged Mediterranean precipitation response simulated by the individual models and predicted by the regression framework is 0.64 (Fig. 13a) . A correlation of 0.63 is found for the central European windiness change (Fig. 13c) . This shows that about 40% of the variance in the CMIP5 responses in these regional impact-relevant metrics can be linked to global aspects of climate change. The potential of the framework to predict these regional climate responses given the remote driver responses has been cross validated using the leave-one-out approach, in which the model whose response is being predicted is not used to train the regression framework. In this case, as expected, the correlation coefficient drops slightly, but we still observe a significant association between the predicted and model simulated regional precipitation and windiness responses (Figs. 13b,d ). This confirms that projections of impact-relevant aspects of European climate change could be sharpened if the response of the remote drivers is understood.
Summary and conclusions
This paper has presented a novel storyline approach to better understand, characterize, and communicate the uncertainty in the atmospheric circulation response of the CMIP5 model future projections. Building on results from Manzini et al. (2014) , it has been shown that different plausible storylines of atmospheric circulation change can be defined depending on the responses in three different remote drivers of climate: the tropical and polar amplification of global warming and changes in the stratospheric vortex strength. The pattern of the circulation change in each storyline depends on the relative responses of the drivers (Fig. 7) , while the overall amplitude of the changes depends on global warming. The combined effect of the storyline and global warming uncertainty on the future projections can then be summarized using simple plots, as demonstrated in Fig. 9 for the cold season Mediterranean precipitation and in Fig. 12 d Using this approach, we do not find strong evidence that the uncertainty in polar amplification plays a dominant role for the future response of the two examined aspects of European climate. This does not exclude the possibility that polar amplification could still play a role for different climate aspects or in different seasonal averages. It is also possible that the sensitivity to polar amplification is obscured by the different model circulation biases, which can lead to inconsistent responses to polar amplification across the models.
d It is difficult to predict the benefit of limiting global warming at 1.58 versus 28C for Mediterranean precipitation and European windiness, as the magnitude of the benefit depends strongly on the storyline of circulation change. At 1.58C warming over preindustrial levels, the impact of the storyline uncertainty in the Mediterranean precipitation response is about 3 times larger than the impact from an additional 0.58C of warming. The impact of the storyline uncertainty is even larger for the European windiness response.
An advantage of the storyline approach is that it provides a simple way of characterizing the uncertainty in the climate change response, which can be particularly useful in the context of climate services. The storyline approach enables to highlight dependencies between different impact-relevant aspects of climate change, which can be important to evaluate climate risk at the continental scale. For example, we have shown that storylines characterized by a larger reduction in Mediterranean precipitation are also associated with a larger increase in both northern European precipitation (Fig. 8 ) and western European windiness (Fig. 11) . These analyses can also be extended to describe the climate response in other impact-relevant aspects of climate change (e.g., soil moisture, annual maximum temperature, accumulated precipitation over 5 days, etc.). Comparing the different storylines would identify whether the projections of these aspects of climate change also depend on the atmospheric circulation, or whether they could be well constrained based on global warming only (e.g., Seneviratne et al. 2016) . The necessity to assess future climate risks has also led to the development of H11 scenarios (Wade et al. 2015) . These describe worst case scenarios of regional climate impacts, which, despite being unlikely, cannot be ruled out according to current knowledge. These high-impact storylines provide guidance on such possible large responses in a self-consistent manner across different impact variables.
Storylines of atmospheric circulation change might also be valuable to identify the subset of CMIP5 GCMs that, given limited resources, should be selected to drive regional climate and impact models. Different studies have highlighted the importance of retaining the full range of possible GCM responses in these analyses (Kendon et al. 2010; McSweeney et al. 2015) . However this can be difficult to achieve: McSweeney and Jones (2016) showed how the five CMIP5 models analyzed in the Intersectorial Impact Model Intercomparison Project (ISIMIP) (Warszawski et al. 2014) tend to on average capture about half of the CMIP5 spread in the precipitation projections across different regions. Selecting at least one model per storyline of atmospheric circulation change would incorporate a plausible range of atmospheric circulation responses, which is a necessary, although not sufficient, requirement to capture the spread in the regional precipitation and windiness responses.
Some of the processes that contribute to shape the response of the remote drivers are already known. Cloud radiative feedbacks tend to warm the tropics and, through changes in the moist lapse rate, contribute to the tropical amplification of global warming in the upper troposphere (Ceppi and Hartmann 2016) . Arctic sea ice loss, the increased poleward moisture transport, and the structure of the Arctic boundary layer contribute to the polar amplification (Pithan and Mauritsen 2014) . The stratospheric vortex responds to changes in the upward propagation and breaking of planetary waves. Sigmond and Scinocca (2010) suggest that the model biases in the climatological structure of the uppertropospheric jet might control the uncertainty in the vortex response to climate change. However, uncertainty in the stratospheric vortex response can also arise from forced changes in the surface boundary conditions. For example, regional changes in the Arctic sea ice (Sun et al. 2015; Gastineau et al. 2016) or in the Atlantic meridional overturning circulation (Omrani et al. 2014 ) have been shown to affect the strength of the stratospheric vortex in individual climate model experiments.
Converting this knowledge into a probabilistic assessment of the driver responses to climate change can improve the projections of midlatitude circulation change, but achieving this will be a major challenge. Nonetheless, useful information for regional impact assessment could also result from rejecting particular storylines. For example, the identified high-impact storylines of European climate change include a strengthening of the stratospheric vortex. Can this be considered a plausible response? If this could be shown to be unlikely, the projected risks associated with changing Mediterranean precipitation and central European windiness could be better bounded.
